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Abstract 
 
How does building form express energy performance through design? Design, in our opinion, increases its agency as 
energy considerations move to early stages of design. Shifting energy evaluations earlier, as the review of literature 
shows, highlights a gap in the utilization of building geometry to reduce energy consumption. The limited utilization 
of building geometry in design requires redress to provide design greater agency. Then the agency of design shifts 
from checking building performance to optimizing design processes and methods. At the same time, readers will  
gain insight into use of parametric investigations of formal building factors. 
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1. Introduction 
 
First, there is limited research on the impact of geometry factored into the statistical evaluations of buildings  
using sensitivity analyses. A sensitivity analysis simply determines the importance factor of various singular or 
combined variables within a specific context. Of the sensitivity analyses reviewed [1,2,3,4,5,6,7,8,9] none discuss 
geometry and primarily factor in occupant behaviour, mechanical, electrical, daylight, function, envelope variables, 
temperatures, and control systems. These valuations provide little if any feedback into design elements controlled by 
the architectural designer. 
However, one study does identify the potential of parametric modelling and energy modelling linkages to 
 
 
 
 
* Corresponding author. Tel.: +1-402-472-4472; fax: +1-402-472-3806. 
E-mail address: themsath3@unl.edu 
Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
3050   Timothy L Hemsath and Kaveh Alagheband Bandhosseini /  Energy Procedia  78 ( 2015 )  3049 – 3054 
 
evaluate early design decisions about a building’s geometric characteristics [10]. The case study chosen by 
Nembrini et al [10] for this particular test of a sensitivity analysis limits the design variation to an urban context 
where fenestration and interior volume are the primary design considerations. Herein, is potential where software 
integrates consideration of energy performance within the design exploration. Next, the publications reviewed 
focusing on geometry [11,12,13,14,15,16,17,18,19,20] investigate a wide range of formal potential. However, they 
lack a connection of the geometric research to the all the others various inter-related design elements effecting 
energy performance highlighted in sensitivity analyses. Therefore, there is a lack of understanding how the formal 
variation compares to other energy consuming variables. This limits design potential instead of enabling it. 
Another study [21] on evolutionary energy performance feedback for design (EEPFD) links the use of sensitivity 
analysis and geometry with a multidisciplinary design optimization (MDO) factoring in variables of costs, design, 
and energy performance. Their methods align with other applications of multi-objective optimizations (MOO) based 
on the use of genetic algorithms [22,23,24,25] or just MOOs [21,25,26], use of genetic algorithms (GA) for design 
[20,27,29], and sequential search technique for energy-efficient design optimization [28]. Next, there are studies that 
recognize the importance of geometry in design [2,24,25] however, the examples are respectively limited to roof 
geometry and number of storeys. Similarly, Tuhus-Dubrow and Krarti [20] do investigate letter shape geometries. 
The variables include different shape types of Rectangle, H, L, T, U, Trapezoid, and Cross; and different 
orientations and geometric aspect ratio of the shapes across four locations. However, these studies limit the 
buildings’ geometric range to a small aspect ratio and compactness. The complexity of geometry investigated [21] 
involves tower forms of different floor shapes and rotations producing a range of geometry. Therefore, agency of a 
designer to use energy performance as a driver requires coalescing the seemingly infinite geometric formal 
possibilities and energy performance into a singularity. 
To reduce the energy-use intensity (EUI) of a building architect’s control two key aspects; either to use better 
materials or to use more efficient formal design strategies. Without denying the material advancements, it is still 
possible, especially in the early stages of the design, to integrate the energy saving strategies into the body of the 
design [30]. However, while in some cases like the automation-study by Yi and Malkawi [19] may go too far into  
the formal investigation and create impractical results. Others like Hachem et al. [15] adopt an extremely simple 
approach that hardly touches the depth of the possibilities. Therefore, the first gap is the omission of building 
geometry from the discussion of energy performance and second is the limited understanding of the geometry itself. 
Addressing these in further research as theorized herein aids in understanding energy’s agency in the performance of 
architecture. Accordingly, this study tries to establish a middle ground that is deep enough yet remains in touch with 
the practical realities of building design and understanding the schism of energy in architectural design. 
 
2. Methodology 
 
The discussion reviews first single-aspect analysis (one parameter at a time) of design elements, which includes 
orientation, aspect ratio, stacking, and shape. Next, combining these variables in to multiple analyses informs the 
following design examples of shape effect and more complex geometry. Concluding is an example of the full whole- 
building integration of these attributes into a final energy-surrogate design script. Since the process of this work has 
integrated the energy performance criteria into a design routine, the agency of design potentially shifts from 
evaluating building performance to optimizing design process bridging the schism between. 
 
2.1. One Parameter at a Time 
 
An important part of this study has been devoted to the study of single parameters. This approach seeks to reduce 
the complexity of a building to a single design parameter; all the other factors remaining constant. Typically, 
buildings have geometric and material properties that factor in the overall energy performance. Since material 
aspects have less formal influence, this study investigates how to exploit formal design attributes of geometric 
parameters of orientation, aspect ratio, stacking and shape in the best possible way to reduce energy consumption. 
Following the single parameter study, it is worth mentioning that this approach is similar to local and global 
sensitivity methods [5], but only evaluates the geometric characteristics of a building. In this schema, individual 
factors link to each study (orientation, ratio, stacking, and shape). Alternatively, in combination them together using 
the global sensitivity chart provides us with a map of the complex and concerted operation of the factors together 
(figure 1) shown alongside the common material characteristics. 
 Timothy L Hemsath and Kaveh Alagheband Bandhosseini /  Energy Procedia  78 ( 2015 )  3049 – 3054 3051
 
 
 
Fig. 1 (right). Morris method global sensitivity analysis [33]. Fig 2 (left). Chart comparing geometrical building properties across nine stacking 
levels. 
 
2.1.1. Building Orientation 
Literature reviewed by Pacheco et al. [31] identifies that building orientation is the most important and frequently 
studied aspects of passive solar design. Passive solar design utilizes heat gains from glazing exposure to southern 
orientations impacting the total energy loads in residential housing and due to heating energy costs some  
orientations should be avoided such as western facing buildings. Orientation analysis evaluates which axis of the 
building is optimal to minimize energy consumption. In technical terms, rotating the building across a degree range 
and conducting a thermal analysis for each incremental degree. The results identify the optimal orientation for  
lowest energy consumption. At this stage using energy modelling, only thermal properties are considered (no 
daylighting). 
 
2.1.2. Aspect Ratio 
Aspect ratio concerns the dimensions relating the North-South axis and the East-West axis. In the iterations 
evaluated, the square footage is constant across the thermal analysis. Comparing the results to find the optimal 
result, figure 2, the thermal analysis result is closest to the square, most compact. In this option, the compactness 
(the ratio of the surface of the building to its volume) is optimal. By also considering lighting the results may vary. 
Optimizing daylight ratio the southern exposure will elongate the square form to achieve lighting balance. The 
challenge is between a compactness factor that drives the geometry towards square (sphere) and a lighting factor 
driving the geometry towards a rectangle with more southern exposure. Ratio is generally more important than 
orientation and to compare their relative effect on the total performance of the building, figure 1. 
 
2.1.3. Stacking 
Stacking is the term used in this paper for the study of optimal the number of levels. In all the iterations evaluated 
the total volume is kept constant. Again, a thermal analysis is conducted is each case and the results are then 
compared against one another, figure 2. Also, to find out about the contribution of the stacking in the total 
performance of the building, figure 1. There are additional issues to consider when evaluating stacking. First, in 
stacking the total surface of the building changes considerably as identified in figure 2 compared to the other 
surfaces. Second, one side of the building touches the ground (the floor) and there is a different thermal conductivity 
to consider. As the ground is a good thermal insulator, the bigger square footage on the ground level might improve 
the total performance of the building. Other compactness studies include the ground floor surface area [11]. Next,  
the R-value of the roof (typically) is greater than the R-value of the walls (and definitely the windows). The bigger 
the surface of the roof might also improve the total R-value of the building. Thus, this might not be a geometrical 
property; rather it is applying more of the roof surface (better material). Finally, because of the simulation software 
used (Diva and Sefaira), cannot evaluate a multi-zone analysis the interior floors, perimeter and core are practically 
non-existent. While some software [Sefaira for example] can at least consider the floor areas for the purpose of  
loads (equipment, lighting, etc.) Diva cannot do this and so the total value, which is used for the source energy is 
totally off. Therefore, we assume the heating and cooling values used for the study are still valid. 
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2.1.4. Shape Effect 
Shape effect is intrinsically a complicated study. It already goes further than the ratio and orientation studies by 
looking at all various geometric parameters in series. While in these cases the total square footage is kept constant, 
one can see that the performance of the building (which is organized based on low to high EUI values) are different. 
In the shape study two design scenarios exist, one may either use a predefined shape (based on a design option for 
example) and optimize that shape (figure 3 is a T shape), or it is possible to use a script to produce multiple shapes 
and compare their properties. Additionally, one may observe by studying the thermal properties the energy affect 
drives the shapes to a more compact square (sphere). Therefore, the optimal shape is typically closest one to square 
when no daylighting is considered. 
 
 
Figure 3. Results of T-shape energy simulations with low EUI on the left. 
 
2.1.5. Combined Analysis 
While focusing on a single factor, one-parameter at a time, produces a fruitful study it is also possible to create 
combinations of those factors, especially when the design objectives require larger building square footages or site 
complexity. When confronting a large number of multiple variables [29] energy evaluations can become 
complicated and using an evolutionary solver (such as Galapagos) simplifies the one-at-a-time approach. With a 
specific number of variables, appropriate simulation outputs and visualization (charts) allow graphical evaluation of 
the design options and energy performance. As an example, by combining the previous studies of orientation, 
stacking and ratio produces different shape effects highlighted above, figures 3. Simultaneous to the shape 
permutations generated are the energy related outputs of annual heating and cooling loads, energy use intensity 
(EUI), carbon use intensity (CUI), spatial daylight autonomy (sDa), and annual solar exposure (ASE). 
 
3. Design- Agency 
 
Following the previous examples, the possibility to integrate energy performance within the production of 
multiple forms, as soon as a location and a function are set, the schedule of the building whether it is commercial or 
residential etc. Thus, this method can provide a designer with an in-depth energy performance analysis that may go 
as far as to suggest certain (even optimal) forms, or it can at least reveal the performance tendencies of the location 
based on climate situations. How far the designer wants to go with the data is a subjective decision, however, the 
integration of these variables into a singular computational tool provides us with useful data that is worthy of 
considering. First, it can improve the early stage design process with energy performance factors. Second, it is also 
possible to use the same method in the later phases of the design (probably less effective) where some of the design 
factors are fixed and the designer wants to optimize some other factor(s). 
 
3.1. Complexity of a Free Design 
 
When generating forms of building geometry, it is possible to apply the single aspect analysis discussed in a 
design approach. For example, one might start by a set of points (vertices) that are to define the form. This might 
happen on a flat 2-dimensional or in a 3-dimensional space. It is also possible (in the other version) to break an 
already existing form into two sets of points. One set would be the anchors (points that remain constant according to 
design considerations or functional necessities) and the other set would be the fluid particles, which can change the 
form by their own repositioning. By using a recursive algorithm, one can use the iterative feedback in an 
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evolutionary method to optimize the form’s energy performance. One may also set certain benchmarks as the goal of 
an optimization process. Once the form meets the optimal criteria, the recursive algorithm will stop and produces a 
final form, figure 4. 
 
 
Figure 4. Freeform examples using lofted splines to derive spatial enclosure. 
 
3.2. Surrogacy 
 
At the simplest level, using the above script-machine can show how simple changes affect the design/energy 
performance of our building. Breaking the building into separate units, it is possible combine those units in a way 
that maintains square footage (or a certain range). Using the intelligence the designer builds into the units one can 
then generate a wide range of iterations based on the desired rules of adjacency, figure 5. It is possible to use the 
surrogate script-machine for optimal results (only). It is also possible to track the record of the Evolutionary solver 
to understand how the formal changes affect the result. At the same time, once the intelligence is set up, it is 
possible to send the data to different software and use the possibilities outside of the main platform. 
 
 
Figure 5. Examples of surrogate designs produced prioritizing energy performance. 
 
4. Conclusion 
 
The research project’s goal was to provide agency to the act of design by embedding apriori energy performance 
to resolve the schism between the two objectives of energy and design. Initial experiments of single aspect analysis 
of formal properties of buildings demonstrate success at integrating energy evaluation into design routines. Layering 
the energy performance evaluations into design operations using genetic algorithms produced formal expressions 
that consider multiple-objectives of massing, orientation, layout, and shape simultaneously along with energy 
performance. The result enables design agency of form where architects and designers excel without omitting the 
ability to see the measurable energy impacts. Design in the final instance demonstrates a change of process whereby 
energy is a default design surrogate, in lieu of graphical feedback, design alternatives are all searching for optimal 
energy-efficient solutions. The significance of this work is to aid design of energy-efficient buildings through 
increasing formal agency. 
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